Oligomeric amyloid structures are crucial therapeutic targets in Alzheimer's and other amyloid diseases. However, these oligomers are too small to be resolved by standard light microscopy. We have developed a simple and versatile tool to image amyloid structures using Thioflavin T without the need for covalent labeling or immunostaining. Dynamic binding of single dye molecules generates photon bursts that are used for fluorophore localization on a nanometer scale. Thus, photobleaching cannot degrade image quality, allowing for extended observation times. Super-resolution Transient Amyloid Binding (TAB) microscopy promises to directly image native amyloid using standard probes and record amyloid dynamics over minutes to days. We imaged amyloid fibrils from multiple polypeptides, oligomeric, and fibrillar structures formed during different stages of amyloid-β aggregation, as well as the structural remodeling of amyloid-β fibrils by the compound epigallocatechin gallate (EGCG).
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Amyloid diseases, such as Alzheimer's disease (AD) and Type II diabetes are the most prevalent, yet incurable, aging-related diseases. Protein misfolding and amyloid formation underlie their disease progression. [1] The 42 amino-acid residue amyloidbeta peptide (Aβ42) is the main component of extracellular plaques in the brains of AD patients. [2, 3] Nanometer-sized aggregation intermediates are the main culprits in amyloid toxicity. [4, 5] A quantitative understanding of their dynamics requires new tools that can visualize these structures, which are too small to be resolved by conventional light microscopy.
Single-molecule (SM) super-resolution (SR) fluorescence microscopy techniques, such as (f)PALM, [6, 7] (d)STORM, [8, 9] and others, overcome the resolution barrier posed by optical diffraction (~250 nm for visible light) and allow us to visualize structures with nanoscale resolution in living cells. Utilizing a variety of mechanisms, [10, 11] most techniques rely upon switching these molecules between bright and dark states to reduce the effective concentration of fluorescing molecules within a sample. A related SM-SR technique, called PAINT, [12] uses combinations of fluorophore binding and unbinding, diffusion into and out of the imaging plane, and/or spectral shifts upon binding to generate flashes of SM fluorescence. In these SR techniques, many blinking events are recorded over time, and imageprocessing algorithms [13] measure the position of each bright molecule with high precision. A SR image is reconstructed in a "pointillist" fashion from the locations of these single fluorophores. [14] [15] [16] SR microscopy commonly leverages tagging techniques that involve covalent attachment [9, [17] [18] [19] or intrinsical intercalation [20] of a fluorophore to the biomolecule of interest. To produce highresolution images, biological targets must be densely labeled with fluorescent molecules, [21, 22] which can potentially alter the structure of interest. Furthermore, photobleaching of tagged fluorescent molecules limits measurement time and prevents long-term imaging of targets. Recently, following the development of PAINT, binding-activated or transiently-binding probes have expanded the scope of SR imaging to functional studies. [23] [24] [25] When in the immediate vicinity of their target, these probes either become fluorescent, temporarily bind to the target, or both, thereby creating a "flash" of fluorescence that is used to locate the target of interest. Amyloidophilic dyes such as Thioflavin T (ThT), Thioflavin S, and Congo red specifically bind to structural motifs of amyloid. [26, 27] Their absorbance and fluorescence have been used for close to 100 years in the histological staining of amyloid structures and in resolving aggregation kinetics in vitro. [27] [28] [29] Here, we report a technique to image amyloid structures on the nanometer scale, called Transient Amyloid Binding (TAB) imaging. TAB imaging uses standard amyloid dyes such as Thioflavin T, without the need for covalent modification of the amyloid protein or immunostaining. Our technique mates SR microscopy with histological staining techniques and is compatible with epi-fluorescence and total internal reflection fluorescence (TIRF) microscopy. We therefore envision that it will allow a much wider application of SR imaging to the diagnosis and cellular study of amyloid diseases than was previously possible.
The fluorescence of ThT increases upon binding to amyloid proteins, transforming dark ThT in solution into its bright state. [26, 30] The molecules emit fluorescence until they photobleach or dissociate from the structure. These transient binding dynamics enabled us to record movies of 'blinking' ThT molecules, localize their positions with high precision, and reconstruct the underlying amyloid structure. To demonstrate the concept of TAB imaging, we imaged Aβ42 fibrils adsorbed to an imaging chamber using an epi-fluorescence microscope with a highly-inclined 488-nm excitation laser (Figs. 1A and S1A, and Table S1 ). An imaging buffer containing 1 -2.5 μM ThT, was pipetted into the chamber (Supporting Note 11, and Table S2 ),
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For internal use, please do not delete. Submitted_Manuscript and 5,000-10,000 imaging frames were recorded with 20 ms camera exposure. The image sequence ( Fig. 1B ) and temporal trace of photons detected (Fig. 1C ) demonstrate the blinking of single ThT molecules. We found that each blinking event on average lasted 12 ms (Supporting Note 16, Fig. S2 ). A SR image with 20×20 nm 2 bin size ( Fig. 1D ) was reconstructed from multiple blinking events using ThunderSTORM [31] and a custom post-processing algorithm (Supporting Notes 13-15). The measured full-width at half-maximum (FWHM) of the reconstructed Aβ42 fibril over the length of the fibril is 60 ± 10 nm ( Fig. 1E ). Typical amyloid fibrils have diameters of 8-12 nm [32] . The measured width of the fibril likely arises from our localization precision [33] of 17 nm (FWHM: 40 nm), corresponding to a median of 296 photons detected per ThT localization (Table S3 ).
The blinking characteristics of ThT are determined by the binding and photobleaching kinetics of the dye. Binding affinity and specificity may be affected by hydrophobic interactions [34] . Therefore, we varied the NaCl concentration and pH as well as ThT concentration of the buffer to test their influence on ThT blinking (Supporting Note 17, Fig. S3 ). We found that the NaCl concentrations (10 -500 mM) and pH of the imaging buffer (6.0 -8.6) had little effect on the blinking of ThT on Aβ42 fibrils. However, high NaCl concentration (500 mM) and low pH (6.0) lowered the fluorescence background of unbound ThT. This corresponds to fewer bursts that occurred off of the amyloid fibril, thus improving TAB imaging performance. On the other hand, we also found that the blinking rate of ThT, and thus the rate of localizations per time, is approximately proportional to ThT concentration. In this paper, the ThT concentration was chosen to maximize the localization rate of ThT binding events while avoiding too much fluorescence background. These results demonstrate that TAB imaging of amyloid structures is amenable to a wide variety of buffer conditions. Unlike other SR methods that employ photoswitching of organic dyes, [9] TAB does not require the addition of specific reducing agents or oxygen scavengers [18] to the buffer.
We verified that TAB SR imaging faithfully reproduces the structure of Aβ fibrils by comparing TAB images to those of conventional fluorescent tags. First, Aβ42 fibrils were intrinsically labeled with Alexa-647 and imaged using conventional epifluorescence microscopy. Their morphology matched the TAB SR image of the same fibril (Figs. 2A-C). Next, we directly compared SR TAB images to dSTORM imaging. Aβ42 fibrils were tagged using monoclonal anti-Aβ antibody 6E10 and Alexa-647 labeled goat-anti-mouse secondary antibody, and imaged by dSTORM of the Alexa-647 dye, followed by TAB imaging of the ThT dye. Typical dSTORM imaging using Alexa-647 gives localization precision of 6 nm (FWHM: 14 nm) that corresponds to 3,700 photons detected per localization ( Fig. S4 and Table S3 ). Both dSTORM and TAB imaging reveal a thin and uniform fibril structure (Figs. 2D-G). Reconstructed images from SR TAB microscopy gave comparable or better resolution than the conventional label-based SR technique. The measured FWHM of the reconstructed Aβ42 fibril using Alexa-647 was 80 ± 30 nm (Fig. 2D) , while the TAB reconstruction on the same fibril yielded a FWHM of 60 ± 10 nm (Fig. 2F ). This resolution is comparable to reported apparent fibril widths of 40-50 nm via dSTORM imaging using covalently modified Aβ. [18] A resolution of 14 nm was reported for synuclein fibrils that were imaged via binding activated fluorescence using a conjugated oligothiophene p-FTAA. [23] However, this resolution was achieved at the expense of limited observation times. Our results also demonstrate that the TAB technique relaxes the challenges stemming from the high labeling density and uniformity requirements [22] of conventional SR methods. We next explored the versatility of ThT as a probe for TAB imaging of various amyloid structures (Fig. S5 ). We prepared fibrils of Aβ40, α-synuclein, islet amyloid polypeptide (IAPP), tau protein and light chain (AL) amyloid, adsorbed them to glass surfaces, and imaged them. We were able to reconstruct images with apparent fibril widths of 40 -80 nm for all polypeptides, which demonstrates that ThT can be used for SR imaging across a wide variety of targets. Some amyloids produced 10.1002/cbic.201800352
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For internal use, please do not delete. Submitted_Manuscript reconstructions with wider apparent fibril widths than others, which may reflect differences in the binding affinities and the quantum yields of ThT on different fibrillar structures. [26, 35] The synthesis and characterization of new dyes with different affinities may improve TAB image quality on such amyloids in the future. Thioflavin T is well-known to bind to mature amyloid fibrils. However, it would be valuable to also image intermediates of the aggregation pathway. We therefore explored whether TAB imaging could visualize different stages of the amyloid aggregation process. We generated Aβ40 aggregates from the late lag phase (t 1 , 8 h), the growth phase (t 2 , 24 h), and the late plateau phase (t 3 , 66 h) of ThT kinetics (Fig. 3A) and verified aggregate morphologies by atomic force microscopy (AFM, Fig.  3B ). Aggregates from t 1 corresponded to spherical oligomers, t 2 to single fibrils, and t 3 to fibril clusters, respectively.
We performed TAB imaging of the Aβ40 aggregates in a pseudo-TIRF microscope (Fig. S1B) . Strikingly, TAB imaging was able to reconstruct spherical Aβ40 structures from an early stage of aggregation (Fig. 3D) . These structures were measured to have dimensions of 4 -5 nm by AFM, and therefore constitute typical Aβ40 oligomers. [36] Being able to accurately image oligomeric structures is important to capture the dynamics of Aβ aggregation and may open the door for future applications in cellular imaging of oligomeric structures.
To image the dynamics of amyloid formation, it is essential to have a robust tool that can follow the structure of a single aggregate over hours or more. We analyzed the stability of TAB imaging over time in three ways. First, we tested whether the localization rate remained constant within a single imaging experiment. We counted localization events in blocks of 100 frames across fibrils of various sizes and observed that the number of localizations did not change during the acquisition of an image stack (typically 1.5-3.5 min., Fig. 2H, Fig. S6A) . In contrast, the localization rate of Alexa-647 in dSTORM dropped to less than half in a similar time frame. Further, we tested whether the localization rate remained constant over extended observation times. We imaged an Aβ42 fibril 17 times over 24 h, and counted localization events in blocks of 100 frames for each acquisition. We observed that the TAB reconstructions and the number of localizations remained approximately constant over the 24-hour acquisition ( Fig. S6B  and C) . Therefore, TAB imaging with ThT is robust to photobleaching and capable of producing multiple time-lapse SR images, which can involve the localization of over 100,000 ThT molecules on a single fibril.
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ChemBioChem This article is protected by copyright. All rights reserved. We next validated the capability of TAB for SR imaging over the course of hours to days. The time-lapse images (Figs. 4 and S7, and Movie S1) show the dissolution and remodeling of Aβ42 fibrils by epi-gallocatechin gallate (EGCG). Remarkably, TAB imaging captured the structural dynamics of amyloid fibrils for ~2 days, allowing us to observe remodeling over tens of micrometers with ~16 nm precision. In this experiment, we observed dynamics that were slower than at 37°C in solution, [36] most likely due to the lack of agitation of fibrils that were adsorbed to the glass surface and to incubation at room temperature.
In contrast, photobleaching of dyes limits observation times in conventional SR techniques. [9] Previous studies using bindingactivated probe molecules also had limited observation times, since the probe molecules bound irreversibly to the amyloid fibril. [23] Since TAB generates blinking by transient ThT binding, it is inherently robust to photobleaching. It should be noted that fluorescence background increased in the presence of EGCG. This increase is most likely because EGCG, a potent antioxidant, reduces photobleaching of ThT like other antioxidants, such as ascorbic acid, increases the number of photons per blinking event in other SR imaging. [37] The success of these experiments demonstrates the capability of TAB imaging to follow the dynamics of amyloid structures with nanometer resolution and ~minute temporal resolution over extended periods. This capability will be essential for visualizing drugs acting on amyloid structures to gain insight into their molecular-scale interactions with amyloid structures.
Previous studies have imaged ThT binding to dried amyloid samples through photoactivation (dSTORM). [20] We report SR imaging of a wide variety of fibrils and aggregation intermediates using transient binding of one of the most widely used amyloid dyes, Thioflavin T, which allows for extended observation times compared to dSTORM and similar techniques. While the use of binding dynamics of novel amyloid dye molecules may increase photon yield, [38] the ubiquity and versatility of ThT in amyloid staining should facilitate its adoption in nanoscopic imaging. We therefore expect that the use of TAB imaging can be expanded easily to a variety of substrates and conditions. A critical challenge in preparing samples for SR microscopy is the need for high labeling density and uniformity, necessitating a large number of covalent modifications of, or antibodies attached to, the biomolecule of interest. Transient binding strategies, like PAINT and TAB imaging, reduce the complexity of sample preparation but potentially at the cost of requiring specific buffer conditions for efficient single-molecule blinking. Further, some transient labeling strategies, whose fluorophores emit fluorescence regardless of their binding state, require TIRF illumination to reduce background fluorescence for single-molecule imaging. Our results demonstrate that TAB SR microscopy maintains the simplicity of transient labeling methods while remaining robust to a wide variety of imaging conditions. ThT blinking is readily detectable across a range of pH and salt concentrations. TAB SR imaging performs well with both widefield epi-fluorescence and TIRF illumination strategies, because ThT becomes much brighter when bound to amyloid than in its unbound state. This flexibility and robustness allow TAB imaging to work in tandem with other dyes or molecules that probe specific proteins or biomolecules. TAB SR microscopy is also adept at continuous imaging for long periods of time without image degradation due to photobleaching, a major advantage over conventional SR techniques.
In summary, TAB SR microscopy is a flexible imaging technique that can provide images of amyloid structures with nanometer resolution over observation times of hours. It is capable of imaging various stages of amyloid aggregation as well as dynamic imaging of fibrillar remodeling by an antiamyloid drug. Nanoscale imaging of aggregation intermediates will provide a clearer understanding of which structures are toxic to cells and will pave the road for further study into molecular mechanisms of AD and other amyloid diseases.
Experimental Section
All experimental details can be found in the accompanying supporting information.
